Geometry and elasticity of a knitted fabric by Poincloux, Samuel et al.
Geometry and elasticity of a knitted fabric
Samuel Poincloux1, Mokhtar Adda-Bedia2, and Fre´de´ric Lechenault1
1Laboratoire de Physique Statistique, Ecole Normale Supe´rieure,
PSL Research University, CNRS, F-75231 Paris, France and
2Universite´ de Lyon, Ecole Normale Supe´rieure de Lyon,
Universite´ Claude Bernard, CNRS, Laboratoire de Physique, F-69342 Lyon, France
Knitting is not only a mere art and craft hobby but also a thousand year old technology. Unlike
weaving, it can produce loose yet extremely stretchable fabrics with almost vanishing rigidity, a de-
sirable property exhibited by hardly any bulk material. It also enables the engineering of arbitrarily
shaped two and three-dimensional objects with tunable mechanical response. In contrast with the
extensive body of related empirical knowledge and despite a growing industrial interest, the physical
ingredients underlying these intriguing mechanical properties remain poorly understood. To make
some progress in this direction, we study a model tricot made of a single elastic thread knitted into
the common pattern called stockinette. On the one hand, we experimentally investigate its tensile
response and measure local displacements of the stitches during deformation. On the other hand,
we derive a first-principle mechanical model for the displacement field based on the yarn bending en-
ergy, the conservation of its total length and the topological constraints on the constitutive stitches.
Our model solves both the shape and mechanical response of the knit and agrees quantitatively
with our measurements. This study thus provides a fundamental framework for the understanding
of knitted fabrics, paving the way to thread-based smart materials.
Due to the wide range of applications, the advance-
ment in knitting technology as well as the availability
of high performance fibers, knitted materials are com-
monly employed in various innovative areas. For in-
stance, they are intensively utilized in textile industry [1],
advanced engineering [2], biomedical and biomimetic ap-
plications [3, 4]. A basic knit consists in a single yarn
which is topologically constrained to form intertwined
loops, or stitches, from which originates its effective di-
mensionality. While the topological properties of a knit-
ted fabric are usually unaltered, the stitches can undergo
large deformations due to their curved nature and the
fact that the yarn can slide from one stitch into the neigh-
bouring ones. Those properties manifest also in the out-
standing drapability of the resultant knitted fabrics al-
lowing for the shaping of complex curved composite com-
ponents. Moreover, while the constituent yarn shows sig-
nificant resistance to elongation, a knitted fabric can en-
dure large strains in response to small applied tractions.
Pulling on a typical scarf can easily produce deforma-
tions of the order of 100% while the same force applied
on the yarn itself would only deform it by a few percent.
A stretched knit also exhibits a characteristic catenary
shape similarly to incompressible bulk materials.
Although most of the efforts have been focusing on wo-
ven fabrics, the peculiar properties of knitted materials
have induced increasing interest in modelling their me-
chanical behavior. Several early studies have addressed
the fact that a knit is comprised of a discrete network
of repetitive stitches characterized by a given topology.
On the one hand, geometrical models have focused on
the geometry of the loops formed by a stitch and the re-
sulting dimensional properties of the fabric [5–9]. They
consist in deriving a set of parameters and equations for
modelling the crossing of yarns in a stitch as a set of in-
extensible curves. On the other hand, mechanical models
that take into account both the elasticity of the yarn and
the topology of the stitch have been proposed. To as-
sess the equilibrium shape of a stitch and its mechanical
properties, many variations of Euler-Bernoulli beam the-
ory or beam and truss models have been proposed over
the past years [10–17]. Although those studies allow for
modelling local equilibrium configurations and mechani-
cal properties of a single stitch, they do not describe the
mechanics of a whole fabric unless homogeneous defor-
mations are assumed. Recently, new approaches emerged
that describe the fabric as a grid where stitches are base
units [18–20]. Each stitch is sub-divided into constituent
elements; each element represents a mechanical equiva-
lent of yarn when it undergoes deformations and length
redistribution during the fabric extension. The deforma-
tion of the whole fabric is determined by imposing bound-
ary conditions and kinematic relationships between ad-
jacent cells. Finally, robust and efficient cloth simulation
has long been a research focus in the computer graph-
ics community. Progress in numerical modeling allowed
for the development of yarn-based simulation techniques
for realistic and efficient dynamic simulation of knitted
clothing and their mechanical modelling [21, 22]. How-
ever, producing the required yarn-level models remains a
challenge for this type of approach.
Despite a long history of domestic use and intensive
industrial applications, few approaches have focused on
deriving the mechanical properties of knits and their mor-
phology from fundamental principles. To this purpose,
we crafted a fabric using a model elastic yarn knitted
into a stockinette stitch pattern [23]. Then, we imple-
mented tensile test experiments under different loading
configurations to measure the mechanical response of the
fabric, while monitoring its shape using high precision
imaging. Furthermore, we developed a two dimensional
model relying on a description of the stitch field from
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2which we derived the mechanical properties of the whole
fabric. Our approach is based on the regular structure of
the stitches that imposes topological constraints during
the deformation of the fabric. The model invokes scale
separation between the yarn diameter and the stitch ex-
tension and neglects the stretching and twisting of the
yarn. These assumptions allow us to focus on the bend-
ing energy of the yarn which, combined with conservation
of its total length and kinematic conditions on neighbour-
ing stitches, yields general equations for the mechanics of
the fabric. The equations of the model are solved for the
corresponding experimental situations and the predicted
deformation field is found to be in agreement with exper-
imental data. Although our model is specifically applied
to the stockinette stitch pattern, it provides a general
framework for the study of a large class of knits.
I. EXPERIMENTAL STUDY
As a model experiment, we use a thin nylon thread and
a mechanical knitting machine to manufacture a 51× 51
stitch fabric in the topologically simplest knit pattern
known as stockinette, or ”point Jersey” (see Fig. 1(a)).
In the plane of the fabric, stitches are organised along
rows and columns and the corresponding directions are
usually called course and wale respectively. During me-
chanical tests, the fabric is stretched along the wale di-
rection while clamped along the course direction using
two parallel rows of 51 equidistant nails with the same
spacing as the one between the needles of the knitting
machine. In this configuration, the upper and lower rows
have a fixed length L0c = 227mm and the size Lw in the
wale direction is varied during the experiment (see Ma-
terials and Methods). A sample is cyclically stretched
uniaxially up to a maximum extension and then released
back to its initial state. As shown in Fig. 1(b), the me-
chanical response of the fabric can be separated into two
regions, a first one with large variability over the cycles
and almost vanishing stiffness, and a second one, start-
ing at Lw ≡ L0w = 125mm, showing a stiffening behavior
together with a large hysteresis between loading and un-
loading phases.
Fig. 1(b) also shows that the work performed to return
to the initial state is nearly half that needed to stretch
the fabric, yet the response is consistently elastic and re-
peatable over the cycles, as the fabric always retrieves its
initial shape. This dissipative behavior results from self-
friction of the yarn which contributes oppositely in the
loading and unloading phases [24]: when one stretches
the fabric, the frictional part of the force points down,
thus adding to the elastic load, but when one unloads
the sample, this force points upwards, thus subtracting
from the elastic part of the load. This effect yields dif-
ferent stiffening behavior upon loading and unloading of
the fabric. Finally, as far as plastic deformation goes,
we have checked that during deformation of the knit, the
thread does not undergo irreversible deformation: it re-
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FIG. 1. A knitted fabric is stretched along the wale direc-
tion. Clamps hold the upper and lower rows preventing any
displacement of the corresponding stitches. The mechanical
response is probed using a traction bench equipped with a dy-
namometer and the stitches pattern is imaged through a digi-
tal camera (see Materials and Methods and Movie S1 in Sup-
plemental Material). (a) Picture of the deformed stockinette-
knit fabric showing the topology of the stitches and their lay-
out in the typical catenary shape. The global dimension of
the fabric Lc and Lw as well as the direction of the pulling
force are shown. (b) Mechanical response of the fabric over 5
loading–unloading cycles, each cycle is labelled by a different
color. The strain is defined by ε = (Lw − L0w)/L0w such that
the origin ε = 0 corresponds to the extension above which the
force signal is reproducible over the cycles. The inset zooms in
the force curves close to ε = 0 and for different cycles during
the loading phase.
mains straight upon un-knitting the fabric after the de-
formation cycles.
Concomitantly to force measurements, the morphology
of the fabric is recorded with a high resolution camera.
After image segmentation, the geometric center of each
stitch is tracked individually during the stretching and
unloading phases of the cycles. As shown in Fig. 2(a),
a striking feature during the deformation of the fabric is
that all the stitches centroids follow quite straight tra-
jectories as long as ε ≥ 0, where ε = (Lw − L0w)/L0w
is the global stretching of the fabric. This allows us to
3write the individual positions of the stitches as ~u(j, i) =
~u0(j, i) + ε~u1(j, i) where the indices (j, i) designate the
stitch position along the course and wale direction re-
spectively and the vector field ~u is defined with respect
to a common reference point in the (x, y)-plane of the
fabric. For ε > 0 and within the whole range of ap-
plied stretching, the displacement field of the stitches is
described by a strain-independent vector field ~u1 whose
components (a1, b1) can be retrieved experimentally (see
Fig. 2(b)). The same affine behavior of the displacement
field is observed during the unloading phase (see Movie
S2 in Supplemental Material). This confirms that the
hysteretic behavior in the elastic response of the fabric
originates from inter-yarn friction and could therefore be
included in a global stiffness constant while maintaining
the same local displacement field of the stitches in load-
ing and unloading phases.
The vector field ~u0 describes a reference state of the
system for which Lw = L
0
w. In this configuration, the
fabric is already deformed, deviating from a homoge-
neous state, thus indicating the presence of non-uniform
internal stresses. In fact, the observation that the free
edges of the fabric spontaneously depart out of the (x, y)-
plane by winding is a signature of an in-built prestresses.
Moreover, for Lw < L
0
w the inter-yarn contacts are not
established everywhere, thus stitches can slide without
further deformation, providing the fabric with very low
stiffness. Thanks to the affine behavior, the prestressed
state associated with the vector field ~u0 can be inter-
preted as the result of an elongation of the fabric from an
absolute, homogeneous reference configuration for which
Lw ≡ L∗w < L0w and Lc ≡ L∗c < L0c where all the stitches
have the same size. This allows us to describe the po-
sition field of the stitches ~u as lateral and longitudinal
displacements from this homogeneous state. Assuming
that the size of a stitch is very small compared to the
size of the fabric, the displacement field can be written
as function of continuous space variables (x, y):
~u(x, y) =
∣∣∣∣∣∣
x+ a0(x, y) + εa1(x, y)
y + b0(x, y) + εb1(x, y)
, (1)
where (a0, b0) is an inhomogeneous displacement field
that quantifies the deviation from the absolute reference
configuration |x| ≤ L∗c2 and |y| ≤ L
∗
w
2 . The affine trajecto-
ries of the stitches for ε > 0 motivate the decomposition
of the displacement field as an embedded deformation in-
duced by the knitting process on top of a linear response
to the applied strain. Moreover, the experimental results
show that all the fields involved in Eq. (1) are slowly vary-
ing functions in space, so that the components of their
spatial gradients are small compared to 1.
(b)
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FIG. 2. The trajectories of the stitches are tracked while the
fabric is stretched. (a) Picture of the upper right part of
the fabric for ε = 18%, referred as the actual configuration.
Red dots represent the paths of a selection of stitch centroids
when the strain ε is varied from 0 to 18% during the stretch-
ing phase of the 5 cycles (Movie S2 in Supplemental Material
shows the corresponding trajectories). Black circles show the
corresponding positions in the actual configuration. (b) Plot
of the projections of the change in position of the stitch’s cen-
troid next to the black arrow along x (wale) and y (course)
direction as function of the applied strain during the stretch-
ing phases. Black solid lines represent the best linear fit whose
slopes are measures of a1 and b1.
II. STITCH BASED MODEL
A. Kinematics
A knit is made of a single yarn that follows a complex
constrained path. As the yarn runs along a given row, it
alternatively intertwines with the top and bottom adja-
cent rows. To derive the morphological and mechanical
properties of the whole fabric, we do not base our model
on the yarn itself but rather on the periodic geometry of
the knit. The fabric can be seen as a network of repetitive
unit cells characterized by the yarn self-crossing topology.
The stockinette pattern shows the advantage of having
a single topology such that each stitch can be associ-
ated to a unit cell (see Fig. 3). We describe each cell by
two vectors, ~c and ~w, whose orientations prescribe the
4course and wale directions while their norms c = ‖~c‖ and
w = ‖~w‖ impose the local dimensions of the cell. Notice
that the yarn is not attached to these topological units
and is allowed to slide from one stitch to another.
c*
w*
(a) (b)
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FIG. 3. Schematic representation of the absolute reference
configuration and a deformed state of the fabric. A geometri-
cal representation of the stockinette stitch network consists in
joining the geometric centers of neighbouring stitches along
the wale and course directions. This defines a four-degree
planar graph (light gray lines) that is uniquely determined
by the edge vectors along the course and wale direction. (a)
Absolute reference state of the fabric: the vectors ~c∗ and ~w∗
are orthogonal and identical for all cells. (b) Deformed state
of the fabric, directions and norms of the vector fields ~c and
~w vary across the fabric.
We can now write the constraints on the fabric that
account for the permanence of the stitch topology. In-
deed, whatever deformation we impose to the fabric, the
crossing points cannot interchange. Therefore the stitch
grid cannot lose or exchange cells and every stitch always
keeps the same neighbours. This property imposes the
following kinematic condition ~w(j, i)+~c(j, i+1) = ~w(j+
1, i) +~c(j, i). It simply states that, to go from one stitch
to another, traveling along the rows and then the columns
is equivalent to traveling along the columns and then the
rows. Within a continuous representation, this constraint
can be stated as:
1
w∗
∂ ~w
∂x
(x, y) =
1
c∗
∂~c
∂y
(x, y) , (2)
where c∗ and w∗ are the norms of the corresponding vec-
tors in the absolute reference state of the fabric in which
all the stitches have the same size (see Fig. 3(a)). Inter-
estingly, Eq. (2) can be seen as a component-wise van-
ishing divergence, which insures the existence of a vector
potential ~u defined by:
~c = c∗
∂~u
∂x
and ~w = w∗
∂~u
∂y
. (3)
For a given x (column) and y (row), ~u(x, y) simply gives
the position of the corresponding stitch, so this potential
is identical to the position field introduced experimen-
tally in Eq. (1). We can thus directly relate the vec-
tor fields ~c and ~w to the displacement fields (a0, b0) and
(a1, b1).
B. Energy
Our mechanical model proceeds from first-principle
energy minimization under the constraint of fixed yarn
length and a steady topology. Within the framework of
our grid based model, we should express both elastic en-
ergy and the constraints as functions of ~c and ~w. In the
general case, the yarn would undergo stretching, bending
and twisting. However, these deformation modes do not
contribute equally to the energy of the fabric. First, the
assumption of a scale separation between the size of a
stitch and the diameter of the yarn, which corresponds
to a rather loose knit, allows us to invoke slender body
approximation in which the energy cost of stretching is
very large compared to that of bending. Moreover, the
twist in the yarn does not change upon deformation of
the stitch in the (x, y) plane and thus will not produce
any work. Therefore, the main contribution to elastic
energy is provided by bending of the yarn and can be
estimated using simple geometric arguments.
In the (x, y)-plane of a given stitch, we can distinguish
two characteristic radii of curvature Rc and Rw along the
wale and course directions (see Fig. 4(a)). Those curva-
tures are geometrically correlated to the dimensions c
and w of the stitch. If we assume simple proportionality
relations Rc ∼ c and Rw ∼ w, the bending energies as-
sociated with deformations along the course (resp. wale)
direction scale as Ec ∼ B/c (resp. Ew ∼ B/w), where
B is the bending modulus of the yarn. Orthogonally to
(x, y)-plane, the yarn is also bent with two characteristic
radii of curvature R′c and R
′
w (see Fig. 4). The thickness
of the fabric scales with the diameter of the yarn d, thus
one has R′c ∼ R2c/d and R′w ∼ R2w/d. We consider here
a slender yarn in a loose fabric, so that Rc  R′c and
Rw  R′w, with the result that bending energy carried
in the orthogonal planes is negligible compared to that
within the fabric plane. Nevertheless, R′c and R
′
w are re-
sponsible for the three dimensional shape that naturally
occurs in an unloaded knitted fabric, in particular for the
curling of the free edges of a stockinette sample. These
out of plane effects do not directly impact the mechanical
response of a clamped fabric but play a significant role
in building up internal stresses. In our two-dimensional
setting, the elastic energy of the stitch can thus be ap-
proximated by
Es ≈ Ec + Ew = B˜
(
1
c
+
β
w
)
, (4)
where B˜ is an effective bending modulus and β is a
dimensionless factor that quantifies the asymmetry be-
tween bending energies carried along the course and wale
directions.
C. Conservation of yarn length
Unlike a weaved fabric which can modelled by a Cheby-
chev net for which all the edges retain fixed lengths [25],
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FIG. 4. The main characteristic curvatures of the yarn that
can be extracted from the geometry of a stockinette stitch.
Panels (a) to (c) show the three different orthogonal planes.
the deformation of a knitted fabric allows for sliding of
the yarn from one stitch into the adjacent ones. Nev-
ertheless, the assumption that the yarn experiences only
bending deformations imposes that its total length in the
fabric is conserved. The length of the yarn is correlated
with the cumulated lengths of the edges of the associated
network defined by the vectors (~c, ~w). In each cell, the
yarn length should be proportional to ` = c + δw, with
δ a constant that embodies the complex geometry of the
yarn in the stitch.
We assume beforehand that δ is a spatially uniform
material parameter that is solely imposed by the ma-
chining process of the fabric. Therefore, the constraint
on yarn length amounts to require that the average effec-
tive length over all stitches 〈`〉 = 〈c〉+ δ〈w〉 remains con-
stant upon deformation. Using Eq. (3), the average sizes
〈c〉 and 〈w〉 can be determined from the experimentally
measured deformation fields ~u(i, j). Fig. 5 shows that
both 〈c〉 and 〈w〉 are affine functions of ε for all ε > 0.
Therefore, one can tune the parameter δ to prescribe a
constant effective length 〈`〉 = `∗. For our fabric, one
finds δ = 0.86, which yields `∗ = 5.86 mm. This result
justifies a posteriori our assumption that δ is a material
parameter that characterizes the fabric geometry inde-
pendently of the applied strain.
In the absolute reference state, the homogeneous rect-
angular configuration as defined by c∗ and w∗ should also
satisfy the yarn length constraint, that is c∗ + δw∗ = `∗.
A second equation relating c∗ to w∗ can be deduced by
using the affine behavior of the vector field ~u as function
of ε (see Fig. 2) and assuming slowly varying deforma-
tion fields (see Appendix A). We find that the absolute
reference state of the fabric used in Fig. 1 is given by
c∗ = 3.93 mm and w∗ = 2.08 mm. It is noteworthy that
the conservation of yarn length combined with the exper-
imental characterization of the local deformation field of
the stitches allows us to determine both the geometric
parameter δ and the absolute reference state. Moreover,
using these quantities we can estimate the coupling of
deformations in orthogonal directions by defining a geo-
metric Poisson’s ratio ν ≡ c∗−〈c〉c∗ w
∗
〈w〉−w∗ = δ
w∗
c∗ = 0.46.
Quite unexpectedly, even though the knitted fabric is
very hollow, it behaves like an incompressible elastic bulk
material with a conserved effective area.
FIG. 5. The average stitch size as function of the applied
strain ε > 0 of the fabric used in Fig. 1. It is shown that 〈c〉
(resp. 〈w〉) follows a negative (resp. positive) linear trend,
thus we can define a parameter δ = 0.86 such that 〈c〉+ δ〈w〉
is constant for all ε > 0. Each data point is the average over
5 images at a given strain and the error bars are twice their
standard deviation.
6III. ELASTIC RESPONSE OF THE FABRIC
A. Homogeneous deformations
Let’s first investigate the case of a knit that is uni-
formly deformed from its absolute reference configura-
tion. Stretching the fabric in the wale direction by an
amount εh results in a deformation of each stitch given
by w = w∗(1 + εh). Using the conservation of yarn
length, the deformation in the course direction should
read c = c∗(1 − δw∗c∗ εh). Therefore, the bending energy
of the fabric is simply given by
Eh = B˜NcNw
(
1
c∗(1− δw∗c∗ εh)
+
β
w∗(1 + εh)
)
, (5)
where Nc and Nw are the number of stitches in the course
and wale direction. Notice that the asymmetry of bend-
ing energies between course and wale directions results
both from the fact that the reference state is rectangular
(c∗ 6= w∗) and that the two directions of the stitch con-
tribute to the yarn length in different proportions of its
size. Eq. (5) shows that the stiffening behavior observed
in the experiment is directly recovered: the elastic en-
ergy diverges as εh → (c∗/δw∗). More importantly, this
energy should reach equilibrium at the absolute refer-
ence state εh = 0. This condition allows us to prescribe
β = δ (w∗/c∗)2 ≈ 0.24. Similarly to δ, the asymme-
try parameter β should be spatially homogeneous and
marginally dependent on the applied deformation. Thus,
β can also be considered as a characteristic of the stitch.
To test the relevance of Eq. (5), we have performed ten-
sile tests using a loading configuration in which the knit-
ted fabric is submitted to a quasi-homogeneous deforma-
tion. To this purpose, a knit made of Nc×Nw = 20× 30
stitches is held by almost frictionless bars at its lower
and upper rows such that the stitches can slide laterally.
Movie S3 in Supplemental Material and Inset of Fig. 6
show that the resulting catenary shape of the fabric is
much less pronounced than in the case of clamped bound-
ary conditions, confirming that the fabric deforms al-
most homogeneously for a large range of applied strains.
For this case, one can define the deformation of the fab-
ric with respect to the absolute reference configuration.
Moreover, using Eq. (5) one can explicitly derive the elas-
tic response of the fabric
F (εh) = − ∂Eh
∂Lw
= Y˜ Ncδ
w∗
c∗
[
1
(1 + εh)2
− 1
(1− δw∗c∗ εh)2
]
(6)
where the identities β = δ (w∗/c∗)2 and Lw = Nww∗(1 +
εh) have been used. The parameter Y˜ = B˜/(c
∗w∗) is
an effective stretching modulus that should be deter-
mined experimentally from the mechanical response of
the fabric. Notice that Y˜ is a line tension (of dimen-
sion J.m−1), which emphasizes that the mechanical re-
sponse of the fabric originates from the tensions exerted
F FFexp
FIG. 6. A 20 × 30 stitches fabric is attached by its lower
and upper rows to almost frictionless bars such that the
stitches can slide laterally. The experimental pulling force
Fexp is averaged over 5 cycles. The absolute reference state
Fexp(εh = 0) = 0 is determined by the position where load-
ing and unloading curves coincide. The mechanical response
F (εh) is computed using Eq. (5) with Y˜ as the only fitting
parameter to the experimental results. Because of friction
within the knitted fabric, loading and unloading phases have
different effective stretching moduli: Y˜ ↑ = 3.8 × 10−2 J.m−1
and Y˜ ↓ = 0.8× 10−2 J.m−1.
on the entangled yarn. The parameters δ, w∗ and c∗
should be determined from the conservation of total yarn
length. Using the procedure described in Sec. IIC, we
find δ = 0.71, w∗ = 2.1 mm and c∗ = 2.7 mm. Fig. 6
shows the experimental mechanical response compared
to the one given by Eq. (6). Fits to the linear regimes
(εh  1) in the loading (↑) and unloading (↓) phases
yield Y˜ ↑ = 3.8×10−2 J.m−1 and Y˜ ↓ = 0.8×10−2 J.m−1.
Finally, Fig. 6 also shows that in this favorable load-
ing configuration, the model allows us to keep track of
the mechanical response up to more than 100% deforma-
tions. However, the sharp rise of the predicted force oc-
curs at deformations εh ∼ c∗/(δw∗) which is larger than
the experimental ones. Obviously at this range of defor-
mations, one cannot invoke scale separation between the
size of a stitch and the diameter of the yarn, a necessary
condition to approximate the elastic energy of the stitch
by Eq. (4).
B. Inhomogeneous deformations
Before moving on to the inhomogeneous spatial de-
formation problem, let us summarize the parameters in-
troduced in the model. There are mainly four internal
geometrical parameters: w∗, c∗, β and δ, and one pa-
rameter related to the mechanics, the effective stretching
modulus Y˜ . As far as geometry is concerned, w∗ and c∗
are the extensions of the stitch at rest, thus specify the
7length scales of the microstructure and can be viewed as
inputs. β, which represents the curvature asymmetry of
the loops in the stitch, is determined from the mechan-
ical equilibrium of the stitch at rest. δ, which accounts
for the asymmetry of thread length contributions to the
stitch extensions in the course and wale directions, is
recovered from thread length conservation. So at this
point, there are no adjustable parameters other than a
global stiffness scale Y˜ .
Now, we have all the ingredients to study the me-
chanical response of the knit for any loading conditions.
Within the experimental configuration of Fig. 1 and us-
ing a continuous representation, the Lagrangian L{~c, ~w}
of the fabric reads
L = Y˜
∫∫
x,y
dxdy
(
1
c
+
β
w
)
+ α
∫∫
x,y
dxdy (c+ δw)−
∫∫
x,y
dxdy ~T (x, y).
(
1
c∗
∂~c
∂y
− 1
w∗
∂ ~w
∂x
)
−
∫∫
x,y
dxdy T (x)~ey. ~w . (7)
The first term in Eq. (7) is the elastic energy of the whole
fabric, the second one ensures yarn length conservation,
the third one enforces the local topological constraint and
the last one is the work of the tractions exerted by exter-
nal loads at the boundaries y = ±L∗w/2; α, ~T (x, y) and
T (x) being the corresponding Lagrange multipliers. One
can interpret α as a global scaling for the tension in the
fabric (see Appendix B), while ~T (x, y) is a local tension
and T (x) is the applied traction along the clamped edges.
In Appendix B, we show that the minimisation of the
Lagrangian with respect to the two vector fields ~c and
~w combined with the local topological constraint yields
two Euler-Lagrange equations which can be expressed in
terms of the displacement fields a0, b0, a1 and b1. Since
these fields are slowly varying functions in space, only
terms that are linear in their first spatial derivatives are
retained. Then, the problem is solved in the limit of
small strains and the corresponding displacement fields
are computed. Fig. 7(a) shows the resulting shape of the
fabric compared to the experimental one. It is worth un-
derlining that the prediction of the morphology of the
fabric is parameter-free once the geometrical material
parameters δ, β, c∗, w∗ and the Lagrange multiplier α
are determined. Moreover, although we assume a small
strain approximation, a fairly good quantitative agree-
ment is found between the results of our model and ex-
periments for stretching up to ε = 15%.
Once the morphology of the fabric is computed, the
force applied at y = ±L∗w/2 can be determined up to
a scaling constant, using either the Lagrange multipliers
~T (x, y) and T (x), or the elastic energy of the fabric (Ap-
pendix C). The former (FT ) yields the affine behavior of
the force at small strains and the latter (FE) includes
nonlinearities in the strain as the elastic energy is a non-
linear function of c and w. The comparison with the
measured force at small strains allows for the estimation
of the effective stretching modulus Y˜ . For the fabric used
in Fig. 1, we find Y ↑ ≈ 1.5× 10−2J.m−1 ≈ 10−2B/d2 for
loading and Y ↓ ≈ 1.5 × 10−3J.m−1 ≈ 10−3B/d2 for un-
loading phases (B is the bending modulus of the yarn and
d its diameter), showing that the fabric is very stretch-
able compared to its constituent yarn. Fig. 7(b) shows
that though linearized, our model allows for a reasonable
prediction of the mechanical response up to 5% deforma-
tion. Notice that for a clamped fabric, the applied strain
ε is defined with respect to an intermediate prestressed
state described by the deformation field ~u0, in contrast to
the homogeneous case where the absolute configuration
is accessible. This explains the strain scale difference be-
tween Fig. 6 and 7(b). As in the homogeneous case, the
rise of the predicted force at deformations much larger
than that observed experimentally confirms that a jam-
ming phenomenon occurs before the non-linear behav-
ior of our model, which confirms the relevance of our
linearized approach for more complex loading configura-
tions.
Finally, the framework we developed can be used for
any in-plane deformation of the fabric. In order to further
assess the predictive power of our model, we have inves-
tigated two other different loading configurations: the
first one consists in tilting the initial knit with respect
to the axis of applied loading by an angle θ = 25◦ and
the second one ascribes an initial shear to the knit before
uniaxial loading. Snapshots of representative deformed
configurations for the two tests are shown in Fig. 8(a)
and (b) and the corresponding equations for the model
are featured in Appendix D. Despite the symmetry break-
ing, our model performs with an accuracy comparable to
that obtained in the symmetrical loading case.
IV. DISCUSSION
The experimental study of the mechanical response of
a stretched fabric knitted into a stockinette stitch pattern
allows us to build a reliable elastic model that recovers
accurately its deformation field. The model assesses the
elastic energy of the fabric from the bending energy of
its constituent yarn. Furthermore, the yarn self-crossing
topology is represented as a 4-degree planar graph that
fully describes the state of the fabric. The topology im-
poses kinematic conditions, and yarn length conservation
prescribes geometric properties of the resulting network.
The displacement field of the stitches is then determined
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(a)  
FIG. 7. Predicted and experimental deformations of a
stretched fabric in the y-direction and its mechanical re-
sponse. (a) The measured displacement field ~u(x, y) is dis-
played along 7 course (−) and 7 wale (−) directions, while the
black curves (−) are their corresponding predictions without
adjustable parameters. The applied strain in the picture is
ε = 11% and the scale bar in the panels indicates 2cm. (b)
Red curves reproduce the experimental results of Fig. 1(b).
The grey area represents 2 times the standard deviation of
the force signals over the 5 cycles. The forces FE (- -) and FT
(·−) are calculated respectively from the variation of bending
energy and the Lagrange multiplier T (x) (see Appendix C).
by constrained energy minimisation. The model correctly
accounts for the spatial deformation of the fabric over a
reasonable range of applied stretching and consistently
captures the mechanical response upon setting a single
material modulus Y˜ that differs depending on whether
the fabric is stretched or relaxed. The results show that
a knit behaves similarly to a rubberlike material: it is
very stretchable and exhibits a geometric Poisson’s ratio
close to 0.5. Importantly, this analogy holds even though
the material points of the underlying network are purely
topological entities that do not correspond to bulk ma-
terial points.
The equilibrium state for a stockinette pattern is not
a flat surface, but rather a three dimensional configura-
tion in which the fabric wraps around its edges due to
out of plane bending of the yarn. The forced flattening
and clamping of the fabric induce residual stresses and
thus impose an inhomogeneous two-dimensional displace-
y
z x
(a) 
(b) 
FIG. 8. Predicted and experimental deformations of a
stretched fabric under two different loading configurations.
In (a) the fabric is initially tilted by 25◦ and in (b) the fabric
is initially sheared along the x-direction by an angle of 10◦.
The parameters c∗, w∗, δ and thus β are the same than for
the fabric used in Fig. 7(a). The boundary conditions of these
configurations are shown in Appendix D. The applied strain
is ε = 11% for both fabrics and scale bars in the panels are
2cm.
ment field that deviates from an absolute homogeneous
state. Such prestress would probably disappear from a
fabric made of seed pattern, characterised by fully alter-
nated knit and purl stitches [23], for which the equilib-
rium state is a flat surface. Nevertheless, our model is
able to capture the equivalent two-dimensional residual
deformation field of any fabric made of a periodic stitch
pattern. This is in contrast with prestressed bulk elastic
material for which the residual strain should be a pre-
scribed field [26].
Let us recall the role of friction in the morphology and
mechanical response of the fabric. Friction is responsi-
ble for the large hysteresis observed in the dynamome-
try: in contrast to the elastic part of the response, fric-
tion opposes the deformation. This effect yields differ-
ent stiffening behavior upon loading and unloading the
fabric while keeping its morphology globally unaltered.
Consequently, our measurements do not access the “fric-
tionless” elastic modulus of the fabric but allows for the
definition of two effective stretching moduli Y˜ ↑ for load-
ing and Y˜ ↓ for unloading phase. It turns out that fric-
tion in a knitted fabric proceeds through stick-slip events
and that the strong elastic recall forces bring the system
back to its minimum energy configuration in high fre-
quency, collective relaxation events of small amplitude.
A rich phenomenology emerges from this frictional dy-
namics and the spatially extended avalanche-like relax-
ation events [27].
Our model assumes scale separation between the yarn
diameter and the stitch extension and thus applies as long
as the yarn diameter is very small compared to stitches
dimensions c and w. Very often in commercial knits,
the fluffiness of the thread gives the impression of tight
stitches, but the fabric remains very stretchable. In these
cases, such as for a scarf or a wool sweater, we expect
the model to hold. Of course there are occurrences of
tightly knitted fabric that do not feel any different from
woven textile from a mechanical aspect; in such case our
model would not be appropriate since deformation might
9involve significant thread elongation. In addition, the so-
called jamming of the stitches [12] could occur when this
scale separation no longer holds because of large local
deformations. In those stitches, the yarn is maximally
bent and starts to undergo stretching which alters the
elasticity of the whole fabric. Even though jamming is
localised in few stitches, the mechanical response of the
knit becomes dominated by stretching of the yarn. Since
the deformation field is inhomogeneous in the fabric, this
phenomenon could occur locally even for small strains
starting mainly from the corners. This mechanism is re-
sponsible for the nonlinear behavior of the force-strain
curve (see Fig. 7(b)) that is not captured by our model.
However, it does not seem to affect the overall catenary
shape of the fabric as drastically, which is still quantita-
tively predicted by the model. Indeed, we observe that
the prediction of the model for the shape holds for lager
deformation than that for the mechanical response.
V. MATERIALS AND METHODS
The fabrics were crafted using a Toyota KS858 sin-
gle bed knitting machine. All samples used for in-
homogeneous deformations experiments were composed
of 51 × 51 stockinette stitches made of a nylon-based
monofilament (Stroft® GTM) of diameter d = 80µm
and length of approximately 25 m. The yarn Young’s
modulus E ≈ 5.1 GPa was measured using a tensile test,
yielding a bending modulus B ≈ 10−8 J.m. The fabrics
were clamped at both extremities along the course direc-
tion by means of screws holding individually each stitch,
imposing along the corresponding rows a constant spac-
ing between the stitches. For homogeneous deformation
experiments, a fabric of 20×30 stockinette stitches made
of the same nylon-based yarn but of diameter d = 200µm
was attached by its lower and upper rows to cylindrical
steel bars such that the stitches can slide laterally. The
steel bars were lubricated with silicon oil to reduce fric-
tion with the knit as much as possible. In all experiments,
fabrics were stretched in the wale direction (except for
the configuration of Fig. 8(b)) at a constant speed of
0.1 mm/s using an Instron® (model 5965) mounted with
a 50 N load cell. Starting from an initial configuration
with a given L0c and Lw, the fabrics were pulled on to
a maximum distance of 30 mm. The visualisation was
made using a Nikon® D800 camera with a 60 mm 1:2:8:G
AFS MicroNikkor lens. Both image and further data
analysis were made using Matlab R2014b.
ACKNOWLEDGMENTS
We thank Cle´ment Assoun for his precious advices
in manufacturing the knitted samples, Sylvie Me´gret
and Jean-Franc¸ois Bassereau from the E´cole Nationale
Supe´rieure des Arts De´coratifs for making available their
knitting workshop and Se´bastien Moulinet for fruitful
discussions. This work was carried out in the framework
of the METAMAT project ANR-14-CE07-0031 funded
by Agence Nationale pour la Recherche
[1] J. Hu, H. Meng, G. Li, and S. I. Ibekwe, “A review
of stimuli-responsive polymers for smart textile appli-
cations,” Smart Materials and Structures 21, 053001
(2012).
[2] K. H. Leong, S. Ramakrishna, Z. M. Huang, and
G. A. Bibo, “The potential of knitting for engineering
composites—a review,” Composites Part A: applied sci-
ence and manufacturing 31, 197–220 (2000).
[3] A. S. Gladman, E. A. Matsumoto, R. G. Nuzzo, L. Ma-
hadevan, and J. A. Lewis, “Biomimetic 4d printing,”
Nature materials 15, 413–418 (2016).
[4] C. S. Haines, N. Li, G. M. Spinks, A. E. Aliev, J. Di, and
R. H. Baughman, “New twist on artificial muscles,” Pro-
ceedings of the National Academy of Sciences , 201605273
(2016).
[5] F. T. Peirce, “Geometrical principles applicable to the
design of functional fabrics,” Textile Research Journal
17, 123–147 (1947).
[6] J. C. H. Hurd and P. J. Doyle, “Fundamental aspects
of the design of knitted fabrics,” Journal of the Textile
Institute Proceedings 44, P561–P578 (1953).
[7] G. A. V. Leaf and A. Glaskin, “43—the geometry of
a plain knitted loop,” Journal of the Textile Institute
Transactions 46, T587–T605 (1955).
[8] D. L. Munden, “The geometry and dimensional proper-
ties of plain-knitted fabrics,” Journal of the Textile In-
stitute Transactions 50, T448–T471 (1959).
[9] P. Popper, “The theoretical behavior of a knitted fabric
subjected to biaxial stresses,” Textile Research Journal
36, 148–157 (1966).
[10] G. A. V. Leaf, “Models of the plain-knitted loop,” Jour-
nal of the Textile Institute Transactions 51, T49–T58
(1960).
[11] W. J. Shanahan and R. Postle, “A theoretical analysis
of the plain-knitted structure,” Textile Research Journal
40, 656–665 (1970).
[12] B. Hepworth and G. A. V. Leaf, “The mechanics of an
idealized weft-knitted structure,” Journal of the Textile
Institute 67, 241–248 (1976).
[13] H. Hong, M. D. De Araujo, R. Fangueiro, and
O. Ciobanu, “Theoretical analysis of load-extension prop-
erties of plain weft knits made from high performance
yarns for composite reinforcement,” Textile research jour-
nal 72, 991–996 (2002).
[14] G. Dusserre, L. Balea, and G. Bernhart, “Elastic prop-
erties prediction of a knitted composite with inlaid
yarns subjected to stretching: A coupled semi-analytical
model,” Composites Part A: Applied Science and Manu-
facturing 64, 185–193 (2014).
10
[15] S. De Jong and R. Postle, “An energy analysis of the
mechanics of weft-knitted fabrics by means of optimal-
control theory: Part ii: Relaxed-fabric dimensions and
tensile properties of the plain-knitted structure,” Journal
of the Textile Institute 68, 316–323 (1977).
[16] K. F. Choi and T. Y. Lo, “An energy model of plain knit-
ted fabric,” Textile research journal 73, 739–748 (2003).
[17] K. F. Choi and T. Y. Lo, “The shape and dimensions of
plain knitted fabric: A fabric mechanical model,” Textile
research journal 76, 777–786 (2006).
[18] W-L. Wu, H. Hamada, and Z-I. Maekawa, “Computer
simulation of the deformation of weft-knitted fabrics for
composite materials,” Journal of the Textile Institute 85,
198–214 (1994).
[19] A. U. Loginov, S. A. Grishanov, and R. J. Harwood,
“Modelling the load–extension behaviour of plain-knitted
fabric: Part i: A unit-cell approach towards knitted-
fabric mechanics,” Journal of the Textile Institute 93,
218–238 (2002).
[20] C. Yuksel, J. M. Kaldor, D. L. James, and S. Marschner,
“Stitch meshes for modeling knitted clothing with yarn-
level detail,” ACM Transactions on Graphics (TOG) 31,
37 (2012).
[21] Y. Chen, S. Lin, H. Zhong, Y-Q. Xu, B. Guo, and
H-Y. Shum, “Realistic rendering and animation of
knitwear,” IEEE Transactions on Visualization and Com-
puter Graphics 9, 43–55 (2003).
[22] J. M. Kaldor, D. L. James, and S. Marschner, “Simulat-
ing knitted cloth at the yarn level,” in ACM Transactions
on Graphics (TOG), Vol. 27 (ACM, 2008) p. 65.
[23] N. Anbumani, Knitting Fundamentals, Machines, Struc-
tures and Developments (New Age International, 2007).
[24] G. Dusserre, “Modelling the hysteretic wale-wise stretch-
ing behaviour of technical plain knits,” European Journal
of Mechanics-A/Solids 51, 160–171 (2015).
[25] E´. Ghys, “Sur la coupe des veˆtements. variation
autour d’un the`me de Tchebychev,” L’Enseignement
Mathe´matique 57, 165–208 (2011).
[26] Y. Klein, E. Efrati, and E. Sharon, “Shaping of elastic
sheets by prescription of non-euclidean metrics,” Science
315, 1116–1120 (2007).
[27] S. Poincloux, M. Adda-Bedia, and F. Lechenault,
“Knits: an archetype of soft amorphous materials,”
arXiv:1803.00815.
[28] T. A. Driscoll, “Algorithm 756: A MATLAB toolbox
for Schwarz-Christoffel mapping,” ACM Transactions on
Mathematical Software (TOMS) 22, 168–186 (1996).
Appendix A: Determination of the geometrical parameters δ, c∗ and w∗
The geometrical parameters of the knit can be directly measured from the position field of the stitches ~u(j, i). We
can estimate the average value of the stitches size 〈c〉 and 〈w〉, with 〈〉 the average over all the stitches of the fabric
for a given elongation (see Fig. 5). It comes out from the measurements that for ε > 0, both 〈c〉 and 〈w〉 vary linearly
with ε. Thus we can define a simple scalar δ = 0.86 which generates `∗ = 〈c〉+ δ〈w〉 = 5.86 mm that is invariant with
elongation. We then assume that `∗ is proportional to the physical yarn length in the fabric.
The linear trajectories of the stitches allows us to approximate the position field by ~u(j, i, ε) = ~u0(j, i) + ε~u1(j, i).
Moreover, we assume the existence of a reference configuration of the fabric where all the stitches have the same
size ~c = c∗~ex and ~w = w∗~ey. The reference configuration must also comply with the yarn length condition such that
〈c〉+δ〈w〉 = c∗+δw∗. This equation in the limit of small deformation and slowly varying fields reads `0+ε`1 = c∗+δw∗
with:
`0 =
1
NcNw
∫∫
x,y
dxdy
c∗w∗
(c∗(1 + a0,x) + δw
∗(1 + b0,y)) = c
∗ + δw∗ , (A1)
`1 =
1
NcNw
∫∫
x,y
dxdy
c∗w∗
(c∗a1,x + δw
∗b1,y + c
∗b1,xb0,x + δw
∗a1,ya0,y) = 0 , (A2)
where Nc and Nw are the number of stitches in the course and wale directions respectively and f,x =
∂f
∂x . The size
of the reference fabric is unknown and for this reason the experimental displacement fields a0 and b0 are functions of
c∗ and w∗. The two previous equations can then be written as function of the experimental position fields ~u0(i, j),
~u1(i, j) and c
∗,w∗.
`0 = c
∗ + δw∗ ⇐⇒ 1
NcNw
∑
i,j
[ux0(j + 1, i)− ux0(j, i) + δ (uy0(j, i+ 1)− uy0(j, i))] = c∗ + δw∗ , (A3)
`1 = 0 ⇐⇒ 1
NcNw
∑
i,j
[ux1(j + 1, i)− ux1(j, i) + δ (uy1(j, i+ 1)− uy1(j, i))] = (A4)
−
∑
i,j
[
(uy1(j + 1, i)− uy1(j, i))
uy0(j + 1, i)− uy0(j, i)
c∗
+δ(ux1(j, i+ 1)− ux1(j, i))
ux0(j, i+ 1)− ux0(j, i)
w∗
]
,
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with ~u0 = u
x
0~ex+u
y
0~ey and ~u1 = u
x
1~ex+u
y
1~ey. Those equations can be solved to compute c
∗ and w∗. For the the fabric
used in Fig. 1, we find w∗ = 2.08 mm and c∗ = 3.93 mm. The quantity c∗ + δw∗ can then be compared to `∗ to verify
the validity of our approximations. We measure c∗ + δw∗ = 5.70 mm which generates less than 3% of discrepancy,
confirming the hypothesis of a reference knit sharing the same properties as the experimental knit and validating the
approximation of small deformation and slowly varying displacement fields.
Appendix B: Derivation of the equilibrium equations and solutions for the displacement fields
When the deformation in the fabric is heterogeneous, solving the Lagrangian of the system Eq. (7) provides with dif-
ferential equations whose solutions ensure the energy minimization and the compliance to the constraints. Derivation
of the Lagrangian with respect to ~c : L{~c+ ~δc, ~w} − L{~c, ~w} = 0, gives the following equation and its corresponding
boundary condition.
−Y˜ ~c
c3
+ α
~c
c
+
1
c∗
∂ ~T
∂y
= ~0 (B1)[
~T . ~δC
]
y=±L∗w2
= 0 (B2)
and with respect to ~w : L{~c, ~w + ~δw} − L{~c, ~w} = 0
−Y˜ β ~w
w3
+ δα
~w
w
− 1
w∗
∂ ~T
∂x
= T (x)~ey (B3)[
~T . ~δW
]
x=±L∗c2
= 0 (B4)
Notice that the dependance of α in Equations (B1,B3) can be suppressed by normalizing (~c, ~w) by
√
α and (~T , T )
by α. This scaling allows us to interpret the Lagrange parameter α as a global scaling for the tension in the fabric.
Moreover, Equations (B1,B3) can be combined to eliminate the Lagrange multiplier ~T :
c∗
∂
∂x
[
−Y˜ ~c
c3
+ α
~c
c
]
+ w∗
∂
∂y
[
−Y˜ β ~w
w3
+ δα
~w
w
]
= 0 (B5)
Using Equations (B2,B4), the boundary conditions corresponding to the experimental set-up of Fig. 1 are ~c(x, y =
±L∗w2 ) = L
0
c
Nc
~ex and
∫
dy
w∗ ~w = Lw~ey. The conditions on the free edges at x = ±L
∗
c
2 are
~T (x = ±L∗c2 , y) = 0 that we
can rewrite as a function of ~c thanks to Eq. (B1), − ~cc3 + α~cc
∣∣
x=±L∗c2
= 0. To guarantee the topological constraint, we
write this equation and the boundary conditions as function of the displacements fields a0, b0, a1 and b1 thanks to
the relations:
~c = c∗
∣∣∣∣ 1 + a0,x + εa1xb0,x + εb1,x (B6)
~w = w∗
∣∣∣∣ a0,y + εa1,y1 + b0,y + εb1,y (B7)
With the under-script , x or , y designating a partial derivative in the corresponding direction. Experimental observa-
tions suggest those displacement fields being linear in ε, so that we also express the Lagrange multiplier α = α0 + εα1
as varying linearly with ε. Eq. (B5) will be solved in the limit of small deformation and consequently developed at
the first order of ε. We also consider that inner stress induces only a small deformation of the stitches, meaning
that a0x , b0x , a0y , b0y  1, thus the equation will also develop up to the first order in a0x , b0x , a0y , b0y . By projecting
Eq. (B5) along x and y we end up with two sets of equations, each one with one part independent of ε and another
one proportional to the strain. Equilibrium of the homogeneous fabric for c = c∗ and w = w∗ imposes β = δ
(
w∗
c∗
)2
.
We define the dimensionless Lagrange multiplier α˜ = c
∗2α
Y˜
and introduce the two following coefficients to lighten the
mathematical expressions, ν = δw
∗
c∗ and χ =
α˜0−1
2 . For the independent part of the strain, one gets:
a0,xx + νχa0,yy =0 (B8)
b0,xx +
ν
χ
b0,yy =0 (B9)
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Canceling the part proportional to ε leads to:
a1,xx + νχa1,yy + Pa =0 (B10)
b1,xx +
ν
χ
b1,yy + Pb =0 (B11)
With Pa and Pb terms that arise from the non-uniform initial state for ε = 0, whose expressions are :
Pa(x, y) =− 3 ∂
∂x
[
a1,xa0,x
]
+ ν
(
(1− χ) ∂
∂y
[
b1,ya0,y + a1,yb0,y
]
+
α˜1
2
a0,yy
)
(B12)
Pb(x, y) =(
1
χ
− 1) ∂
∂x
[
b1,xa0,x
]
+ ν
(
∂
∂y
[
(
1
χ
− 1)a1,ya0,y −
3
χ
b1,yb0,y
])
(B13)
The boundary conditions written with the displacement fields are:
∀x
y = ±L∗w2

a0 =
L0c−L∗c
L∗c
x
b0 = ±L
0
w−L∗w
2
∀y
x = ±L∗c2
 a0,x = −χb0,x = 0 (B14)
and
∀x
y = ±L∗w2

a1 = 0
b1 = ±L
0
w
2
∀y
x = ±L∗c2

a1,x = − α˜12(3χ+1)
b1,x = 0
(B15)
Let us start by the determination of a0, b0, the displacement from the absolute reference configuration. The solution
for b0 is straightforward, it is simply a linear solution in y:
b0(x, y) =
L0w − L∗w
L∗w
y (B16)
The solution for a0(x, y) is more advanced, let us make the following change of variables
x = X
L∗c
2
(B17)
y = Y
√
νχL∗c
2
(B18)
a0 =
L∗c
2
((
χ+
L0c − L∗c
L∗c
)
A+
L0c − L∗c
L∗c
X
)
(B19)
L =
L∗w√
νχL∗c
(B20)
The equations for a0 become
AXX +AY Y = 0 (B21)
with the boundary conditions
A(X,Y = ±L) = 0 and AX(X = ±1, Y ) = −1 (B22)
Therefore A(x, y) is a harmonic function inside a rectangle that satisfies Dirichlet conditions at the boundaries. Semi-
analytical resolution can be performed using conformal mapping techniques. In the present case, we numerically solve
this problem using the Schwarz-Christoffel transform Matlab Toolbox [28].
Combining Eqs (B10,B11) and Eqs (B12,B13), one gets the following equations for the affine displacement field
(a1, b1)
(1− 3a0,x)a1,xx + νχ
(
1 +
(
1
χ
− 1
)
b0,y
)
a1,yy + ν(1− χ)a0,yb1,yy = −νa0,yy
(
3χa1,x + (1− χ)b1,y +
α˜1
2
)
(B23)(
1 +
(
1
χ
− 1
)
b0,y
)
b1,xx +
ν
χ
(
1− 3b0,y
)
b1,yy +
ν
χ
(1− χ)a0,ya1,yy =
ν
χ
(1− χ)a0,yy
(
χb1,x − a1,y
)
(B24)
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FIG. 9. Determination of the Lagrange parameter α˜ = α˜0 + εα˜1. (a) For each value of α˜0, a0 and b0 are calculated and `0 is
estimated, we find that `0 − (c∗ + δw∗) = 0 for α˜0 = 1.32. (b) For α˜0 = 1.32, while α˜1 is varied, a1 and b1 are calculated to
estimate `1, we find `1 = 0 for α˜1 = 9.04.
These equations combined with the boundary conditions (B15) are solved numerically on a discrete lattice.
Recall that the geometrical parameters of the knit c∗, w∗ and δ are computed from the measured position field of
the stitches. However, the calculated displacement field is still parametrised by the Lagrange multipliers α˜0 and α˜1
which are the only parameters left to compute the shape of the fabric. α˜ = α˜0 + εα˜1 being the Lagrange multiplier
associated to the yarn length conservation, we find its value using the corresponding equations `0 = c
∗ + δw∗ and
`1 = 0 but this time estimated from our model and not from experimental measurements, i.e one should satisfy
Eqs (A3,A4) using the computed deformation vector field ~u(x, y). Notice that `0 is independent of α˜1, thus we can
compute α˜0 such that `0(α˜0) = c
∗ + δw∗ (see Fig. 9(a)). Then, with the selected α˜0, we apply the same treatment
to `1 and thus determine α˜1 that satisfies `1(α˜1) = 0 (see Fig. 9(b)). For the fabric used in Fig. 1, we find α˜0 = 1.32
and α˜1 = 9.04.
Appendix C: Computation of the Lagrange multiplier ~T (x, y) and the applied force
We have introduced the vector ~T as the Lagrange multiplier associated with the topological constraint. Since
we express the variables ~c and ~w directly in terms of displacement field, the topological constraint is automatically
fulfilled and thus ~T does not appear explicitly in the solutions. However, once a0, a1, b0, b1 are determined, one can
evaluate this vector field using Equations (B1,B3), provided with the boundary condition ~T (x = ±L∗c2 , y) = ~0. Recall
that T (x) is a traction distribution such that the total force applied on the fabric writes
FT = w
∗
∫ L∗c
2
−L∗c2
T (x)dx (C1)
Let us define a new vector ~T (x, y) = Y˜ ~T1(x, y) and T (x) = Y˜ T1(x)/w∗2. Equations (B1,B3) become
1
c∗
∂ ~T1
∂y
=
~c
c3
− α˜
c∗2
~c
c
≡ 1
c∗2
~fc(x, y) (C2)
1
w∗
∂ ~T1
∂x
= −δ
(
w∗
c∗
)2 [
~w
w3
− α˜
w∗2
~w
w
]
− 1
w∗2
T1(x)~ey ≡ 1
w∗2
~fw(x, y)− 1
w∗2
T1(x)~ey (C3)
The determination of the the vector field ~T1(x, y) allows us to compute the applied force. Integrating Eq. (C3) and
using the boundary condition ~T (x = −L∗c2 , y) = ~0 yields
~T1(x, y) =
1
w∗
∫ x
−L∗c2
~fw(x
′, y)dx′ − 1
w∗
∫ x
−L∗c2
T1(x)~eydx′ (C4)
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Using Eq. (B5), one can show that this solution for ~T1 satisfies Eq. (C2). Moreover, using the boundary condition
~T (x =
L∗c
2 , y) =
~0, one finds
FT = Y˜
∫ L∗c
2
−L∗c2
~fw(x, y) · ~ey dx
w∗
(C5)
This shows the integral of the tension over the course direction should be a conserved quantity independent of the
coordinate in the wale direction.
To remain consistent with the solutions obtained for a0, b0, a1 and b1, the vector field ~fw(x, y) is developed to
first order in ε and in a0,x , b0,x , a0,y , b0,y . To compute the tension field
~T and the force FT one needs to know the
stretching modulus Y˜ . However, the force needed to pull the fabric can also be obtained from the variation of bending
energy with respect to LwThis provides an alternative estimation of the force that we name FE . Both FT and FE
are proportional to the unknown effective stretching modulus Y˜ . This coefficient is adjusted such that the slopes of
Fexp and FT near ε = 0 coincide, we find Y˜ ≈ 1.5 × 10−2J.m−1. The resulting three curves are shown in Fig. 7(b).
The consistency of the model and the correctness of the computations appear here as the slope of FE matches those
of Fexp and FT in the vicinity of ε = 0. While Fexp(ε) is well described by FT at small strains (up to ε ≈ 4%), the
nonlinear behavior of FE manages to capture Fexp until ε ≈ 8%. We apply the same process for the unloading phase
and we find Y˜ ≈ 1.5× 10−3J.m−1.
The tension ~T (x, y) over the fabric cannot be retrieved independently of T (x). However, one can compute an
equivalent total stress ~Ttot = ~T + w
∗
x∫
0
T (x)dx~ey, see Fig. 10 for the amplitude of this vector field over the fabric.
Notice that ~T is the Lagrange multiplier associated to the topological constraint, so one interpretation of ‖~Ttot‖ would
be how hard it is to fulfill this constraint. In other words, it can be interpreted as an inter-stitch tension and its
behavior reflects a stress distribution within the fabric.
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FIG. 10. Amplitude of the vector Lagrange multiplier ‖~Ttot‖ evaluated for ε = 11% and displayed over the corresponding
picture of the fabric, each stitch being colored by its value of ‖~Ttot‖.
Appendix D: Equations for the alternatives loading conditions
Fig. 8(a) and (b) show the deformation fields for different loading configurations applied to the fabric. In the model,
those changes will not affect the equilibrium equations of the displacement fields, but only the associated boundary
conditions. In Fig. 8(a) the fabric is tilted by an angle θ = 25◦ and loaded in the y-direction. The initial configuration
is identical as the symmetrically loaded one, hence a0 and b0 satisfy the same equations with the same boundary
conditions. For the affine displacement fields a1 and b1 the boundary conditions become:
∀x
y = ±L∗w2

a1 = ±L
0
w
2 sin(θ)
b1 = ±L
0
w
2 cos(θ)
∀y
x = ±L∗c2

a1,x = − α˜12(3χ+1)
b1,x = 0
(D1)
For the second configuration displayed in Fig. 8(b), the fabric is initially sheared by an angle of γ = 10◦, thus
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inducing an additional lateral displacement. The boundary conditions associated to the prestressed state are then:
∀x
y = ±L∗w2

a0 =
L0c−L∗c
L∗c
x± tan(γ)L0w2
b0 = ±L
0
w−L∗w
2
∀y
x = ±L∗c2
 a0,x = −χb0,x = 0 (D2)
The equations and boundary conditions for a1 and b1 are functions of a0 and b0 so their solutions are different from
the symmetric case, even if their expressions are identical.
